A low power magnetization switching scheme based on the voltage control of magnetic anisotropy (VCMA) is proposed. In contrast to the conventional switching scheme using VCMA, where the magnetic anisotropy is eliminated during the voltage pulse, the magnetic anisotropy is enhanced to induce precession around the axis close to the easy axis. After turning off the voltage proximately at a half of precession period, the magnetization relaxes to the opposite equilibrium direction. We perform numerical simulations and show that the pulse duration of the proposed switching scheme is as short as a few tens of pico seconds. Such a short pulse duration is beneficial for low power consumption because of the reduction of energy loss by Joule heating.
I. INTRODUCTION
Low power consumption is a key requirement for modern computational devices. Nonvolatility is one of the core concepts to reduce power consumption for logics and memories in normally-off computing [1] [2] [3] . Magnetoresistive random access memory (MRAM) is a promising non-volatile memory that stores information associated with the direction of magnetization in magnetic tunnel junctions (MTJs) [4] [5] [6] [7] [8] [9] [10] [11] [12] . In order to reduce power consumption of MRAM, several types of writing schemes have been developed. The currently used writing scheme is based on the spin-transfer-torque (STT) switching phenomena, which were proposed by Slonczewski [13, 14] and independently by Berger [15] . The write energy of STT-MRAM is of the order of 100 fJ/bit [9, 12] , which is still 2 orders of magnitude larger than that of static random-access memory.
Discovery of the voltage control of magnetic anisotropy (VCMA) effect [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] paved the way for further reduction of write energy in MRAM. The mechanism of VCMA in an MgO-based MTJ is considered to be the combination of the selective electron or hole doping into the d-electron orbitals and the induction of a magnetic dipole moment, which affect the electron spin through spin-orbit interaction [18] [19] [20] 27] . The MRAM which uses the VCMA effect to switch magnetization is called the voltage controlled MRAM (VC-MRAM) [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The writing procedure of a conventional VC-MRAM is as follows. The perpendicularly magnetized MTJ is subjected to an in-plane external magnetic field (H ext ) as shown in Fig. 1(a) . The magnetic anisotropy (MA) constant of the free layer can be controlled by applying voltage (V ) as shown in Fig. 1(b) . Here, K eff is the effective perpendicular anisotropy constant where the demagnetization energy is subtracted from the perpendicular anisotropy constant. Throughout the paper, the superscript (0) indicates the quantities at V = 0. The voltage pulse with critical amplitude V c eliminates the MA and induces the precession of the magnetization around the external magnetic field. By turning off the voltage at one half period of precession, the magnetization switching completes.
The write energy of VC-MRAM is estimated from the Joule heating energy loss during the pulse. Assuming that the voltage pulse with amplitude V and duration t p is applied to the MTJ with resistance R, the write energy is given by
To reduce the write energy, the VC-MRAM should be designed to have large resistance and short pulse duration. The pulse duration is given by a half period of precession as
where α is the Gilbert damping constant and γ is the gyromagnetic ratio. For example, t p .96 V and t p = 0.52 ns [32] . The similar results were also obtained independently by Kanai et al. [33] .
It is difficult to use MTJ with huge R to further reduce write energy because the read time of the VC-MRAM increases with increase of R. Adopting a scheme of decreasing pulse duration by increasing external magnetic field should also be avoided since the application of a strong in-plane magnetic field H ext deteriorates the thermal stability factor defined as
where k B is the Boltzmann constant, T is the temperature, M s is the saturation magnetization, and V F is the volume of the free layer.
In this paper, we propose another switching scheme which could reduce the pulse duration and therefore the write energy of a VC-MRAM. The main difference between the conventional scheme and the proposed switching scheme is the polarity of the voltage pulse.
Application of the voltage pulse with the polarity that is opposite to the conventional switching can enhance the magnetic anisotropy and induce the precession around the axis close to the easy axis. After turning off the voltage proximately at a half of precession period, the magnetization relaxes to the opposite equilibrium direction and the switching completes.
We perform numerical simulations and demonstrate that the pulse duration of the proposed switching scheme is as short as a few tens of pico seconds. We also evaluate the write error rate (WER) and show that the WER is minimized if the pulse duration is about half the period of precession similar to the conventional switching scheme.
II. THEORETICAL MODEL
The system we consider is schematically shown in Fig. 1 The energy density of the free layer is given by
The first term of Eq. (4) is the sum of the shape, the bulk crystalline and the interfacial anisotropies. Owing to the VCMA effect, K eff can be controlled by application of V as shown in Fig. 1(b) . Here K
eff represents the effective anisotropy constant without the voltage application. We assume that K eff decreases with increase of V and vanishes at V = V c . Applying the voltage V p (< 0) increases K eff to K p eff and induces the precessional motion of m around the effective magnetic field. The effective field is given by H eff = (H ext ,
is the anisotropy field. The magnetization dynamics is simulated by solving the following Landau-Lifshitz-Gilbert equation [41] ,
where h represents the thermal agitation field satisfying the following relations:
Here ι, κ = x, y, z, and X denotes the statistical average of X.
Throughout this paper, we assume that the external field is µ 0 H ext = 100 mT and the saturation magnetization of the free layer is M s = 1400 kA/m. Also the radius of the junction area is assumed as r = 50 nm and the thickness of the free layer, t F = 1 nm, and therefore the volume of the free layer as V F = πr 2 t F = 7854 nm 3 . The initial states are prepared by 10 ns relaxation from the equilibrium direction at T = 0, that is (θ (0) ,
eff ) , 0 [38] . The write error rates are calculated from 10 6 trials with 10 ns relaxation after the pulse.
III. RESULTS AND DISCUSSIONS
First we show the difference between the mechanisms of the conventional voltage controlled switching and the proposed switching that utilizes the enhancement of the magnetic anisotropy. This can be accomplished by analyzing the switching trajectories at T = 0. The initial direction of the magnetization is the equilibrium direction with m z > 0 indicated by the black circle, which we call as the "up state". The induced switching dynamics of m at T = 0 is shown in Fig. 2(f) together with the color map of the energy density at V = 0. The initial state is the up state indicated by the black circle at m z > 0. Application of the voltage pulse with V p (< 0) enhances the effective anisotropy constant from K (0) eff to K p eff and induce the precession of m around the effective magnetic field as represented by the red curve. The value of K p eff is assumed to be 400 kJ/m 3 , which gives the anisotropy field of µ 0 H K = 570 mT. The effective field is nearly parallel to the easy axis or the z axis because the directional cosine of the effective field relative to the easy axis is 0.98. The voltage is turned off at about a half period of the precession, and the magnetization reaches the point, φ ≃ π indicated by the orange circle.
As will be shown later, the write error rate (WER) is minimized if the pulse duration is set about half the period of precession. After turning off the pulse, the magnetization relaxes to the down state and completes the switching as shown by the green curve. The proposed switching scheme does not reduce the thermal stability factor of Eq. Next we discuss the switching properties of the proposed switching scheme at T = 300 K by analyzing the numerical simulations results. The time evolution of the Cartesian components of m for a typical switching trajectory during the pulse are shown in Fig. 3(a) .
The value of K Fig. 3(c) , and K p eff = 400 kJ /m 3 and α = 0.21 for Fig. 3(d) . In Fig. 3(c) , the WER takes a minimum value of 7.6 × 10 −3 at t p = 46 ps. In Fig. 3(d) , the WER takes a minimum value of 3.2 × 10 −3 at t p = 36 ps. These optimal values of t p at which the WER is minimized are almost the same as one half period of precession around H eff .
IV. CONCLUSION
In summary, we propose a low power switching scheme of magnetization using enhanced magnetic anisotropy by applying a short voltage pulse. The proposed switching scheme can reduce the pulse duration and therefore the write energy substantially without deteriorating thermal stability. We perform numerical simulations and show that the pulse duration of the proposed switching scheme is as short as a few tens of pico seconds. We also calculated the pulse duration dependence of the WER, and showed that the optimal values of t p at which the WER is minimized are nearly half the period of precession around the effective field.
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